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E-mail address: bmychern@ibms.sinica.edu.tw (Y.Adenylyl cyclase (AC) type VI (AC6) is a calcium-inhibitable enzyme which produces cAMP upon
stimulation. Herein, we characterized the speciﬁc role of AC6 in the kidneys using two AC6-knock-
out mouse lines. Immunohistochemical staining revealed that AC6 exists in the tubular parts of the
nephron and collecting duct. Activities of AC evoked by forskolin or a selective agonist of the V2
vasopressin receptor were lower in the kidneys of AC6-null mice compared to those of wildtype
mice. Results of a metabolic cage assay and dynamic contrast-enhanced magnetic resonance imag-
ing (DCE-MRI) showed for the ﬁrst time that AC6 plays a critical role in regulating water
homeostasis.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Adenylyl cyclases (ACs) are a family of enzymes which upon
stimulation, produce a key second messenger (adenosine 30,50-cyc-
lic monophosphate, cAMP). In total, there are one soluble and nine
membrane-bound ACs in mammals. These ACs have distinct regu-
latory properties and tissue distributions, and are potential drug
targets for various diseases (including heart failure, asthma, and
infertility) [1,2]. Type VI AC (AC6) is calcium-inhibitable, and can
be activated by Gsa-coupled receptors. It exists in many different
tissues (including the brain, heart, and kidneys), and is implicated
in various physiopathological functions [3–9].chemical Societies. Published by E
rlin-2; cAMP, adenosine 30 ,50-
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Chern).In the kidneys, which control water and electrolyte homeostasis
through complex mechanisms of renal concentration and dilution
[10], several ACs exist in the nephron and collecting duct system
[1,3,11]. In particular, AC6 is expressed all along the renal tubule
and collecting duct systemwith a higher level in distal (i.e., the dis-
tal tubule and cortical, outer medullary, and inner medullary por-
tions of the collecting duct) than in proximal segments (i.e., the
proximal tubule and descending and ascending portions of the thin
limb of Henle’s loop) [4]. One of the most important factors that
controls water permeability of the collecting duct is vasopressin.
This peptide hormone binds to the type 2 vasopressin receptor
(V2R), a Gsa-coupled receptor, elevates cAMP, and regulates water
absorption through adjusting the translocation of aquaporlin-2
(AQP2) (i.e., the short-term regulation of AQP2) or through modu-
lating the expression of AQP2 (i.e., the long-term regulation of
AQP2) [12,13]. The location of AC6 in the tubular parts of the neph-
ron and collecting duct suggests that it might play an important
role in regulating water homeostasis [4]. To explore the role of
AC6 in controlling renal functions, we generated two AC6-knock-
out (KO) mouse models: one conventional KO model (designated
AC6-KO) and one KO model with a green ﬂuorescent protein
(GFP) knockin located in place of the original AC6 gene (designated
AC6-KOgfp). The latter design permits the expression of GFP in cells
that originally contained AC6 and thus can be used to identify AC6-
positive cells in vivo. Genetic removal of AC6 markedly reducedlsevier B.V. All rights reserved.
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of AQP2, and reduced the ability to reabsorb water by the kidneys.
Collectively, our data demonstrate that AC6 exists in the renal tu-
bule and collecting duct and plays a critical role in water
homeostasis.
2. Materials and methods
2.1. Construction of targeting vectors, production, and genotyping of
AC6 knockout mice
Murine AC6 gene sequences were isolated from a mouse 129S6/
SvEvTac genomic RPCI-22 BAC library (ResGen; Invitrogen Life
Technologies, Carlsbad, CA, USA; clone no. 438H1). Two targeted
vectors (Fig. 1) were created by a recombineering technology as
previously described [14]. In the targeting vectors of AC6-KOgfp
and AC6-KO, a 4009 bp AC6 gene fragment was replaced in-frame
with a gfp-neo cassette and a neo cassette at the translational start
site of the AC6 gene, respectively. AC6-null mice were produced by
the Transgenic Core Facility of Academia Sinica (Taipei, Taiwan).
The resultant chimeras were crossed with wildtype (WT) 129S6
mice for germ-line transmission. Genotyping was carried out using
genomic DNA extracted from mouse tails by standard laboratory
techniques. Animals were housed in the Institute of Biomedical
Sciences Animal Care Facility (Taipei, Taiwan) under a 12 h light/
dark cycle. Animal experiments were performed under protocolsFig. 1. Targeted disruption of the mouse type VI adenylyl cyclase (AC6) gene. (A and B)
(gfp)-knockin (AC6-KOgfp). A partial map of the AC6 gene with 22 exons is shown. To gen
translational start codon) were respectively replaced by a reversed neo cassette which
allowed the expression of gfp instead of AC6 under the control of the AC6 promoter (B). R
Southern blot analysis (small rectangles) and PCR primers (arrows and arrowheads) for
from the indicated mice and digested with ApaLI (C) or ApaLI and EcoRV (D). Western blo
renal lysate, 30 lg per lane) in kidneys of the indicated mice respectively using an anti-approved by the Academia Sinica Institutional Animal Care and
Utilization Committee, Taipei, Taiwan.
2.2. AC assay
Membrane fractions were puriﬁed from the kidneys, and the AC
activity was assayed as previously described [15]. Brieﬂy, kidneys
were collected from the indicated mice and homogenized using
the MagNA Lyser (Roche, Basel, Switzerland) at a setting of 5000
amplitude vibration for 30 s. The homogenate was centrifuged at
50 000g for 30 min to collect the P1 membrane fractions. Unless
speciﬁcally addressed, AC activity was assayed at 37 C for 10 min
in a 400 ll reaction mixture containing 1 mM ATP, 100 mM NaCl,
50 mM HEPES, 0.5 mM 3-isobutyl-1-methylxanthine, 6 mMMgCl2,
1 lM GTP, 0.2 mM EGTA, and 20 lg of membrane protein. Reac-
tions were stopped by the addition of 600 ll of 10% trichloroacetic
acid. The cAMP formed was isolated by Dowex chromatography
(Sigma–Aldrich, St. Louis, MO, USA) and assayed by a radioimmu-
noassay. The enzyme activity was linear for up to 30 min with
amounts of membrane proteins up to 50 lg.
2.3. RNA and quantitative reverse-transcription (RT)-polymerase
chain reaction (PCR)
Total RNA was isolated from the kidneys using the TRIZOL Re-
agent (Invitrogen Life Technologies) and reverse-transcribed intoStrategies for AC6-knockout (AC6-KO) and AC6-knockout-green ﬂuorescent protein
erate the AC6-KO and the AC6-KOgfp mice, exons 2 and 3 of the AC6 gene (from its
prevented the production of the AC6 protein (A), and by a gfp-neo cassette which
estriction enzymes: A, ApaLI; N, NotI; S, SpeI; E, EcoRV. Locations of the probe for the
genotyping are shown. (C and D) Southern blot analyses of genomic DNAs collected
t analyses of AC6 (E, renal plasma membrane fraction, 100 lg per lane) and GFP (F,
AC6 antibody and an anti-GFP antibody.
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Madison, WI, USA) using SuperScript II reverse transcriptase (Invit-
rogen Life Technologies). A real-time quantitative (q)PCR was per-
formed with gene-speciﬁc primers (Supplementary Table S1). The
relative transcript amounts of the target genes were normalized
to that of GAPDH of the same RNA.
2.4. Immunohistochemical studies
Immunostaining of parafﬁn-embedded and frozen kidney sec-
tions (5 lm and 10 lm, respectively) were conducted as described
earlier [16] using the following antibodies: anti-AQP2 antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-acetylated
a-tubulin antibody (Sigma–Aldrich), anti-AC6 antibody (Santa
Cruz Biotechnology), anti-lysozyme (LYZ) antibody (DakoCytoma-
tion, Glostrup, Denmark), anti-Tamm-Horsfall glycoprotein (THP)
antibody (Biomedical Technologies, Stoughton, MA, USA), and bio-
tinylated Dolichos biﬂorus agglutinin (DBA) (Vector Laboratories,
Burlingame, CA, USA). Patterns of immunostaining were analyzed
with the aid of a laser-scanning confocal microscope (LSM 510
META, Carl Zeiss, Oberkochen, Germany) and a motorized ﬂuores-
cence microscope (AxioImager Z1, Carl Zeiss).Table 1
Quantitative real-time PCR.
Gene name Common name Accession
Adcy3 AC3 NM_138305
Adcy4 AC4 NM_080435
Adcy5 AC5 NM_001012765
Adcy6 AC6 NM_007405
Avpr1a V1aR NM_016847
Avpr2 V2R NM_019404
Aqp1 Aqp1 NM_007472
Aqp2 Aqp2 NM_009699
Aqp3 Aqp3 NM_016689
Aqp4 Aqp4 NM_009700
Values represent the means ± S.E.M. *P < 0.05 vs. WT mice.
Fig. 2. Removal of type VI adenylyl cyclase (AC6) reduced forskolin- and dDAVP-evo
concentrations (A) or dDAVP (0.1 lM, B) were determined. *P < 0.001, vs. the wildtype (W
lane), Gsa (D, renal lysates, 30 lg per lane), and Gia (E, renal lysates, 30 lg per lane) w
percentages of the indicated protein in WT mice, and are listed at the bottom of each re2.5. Metabolic cage studies
Three days before the experiment, adult mice (at 2–7 months
old) were housed in home cages with stainless steel grids on the
bottom to mimic metabolic cages. To collect urine over a 24 h per-
iod, each mouse was placed in an individual cage (Tecniplast,
Buguggiate, Italy) for an adjustment period of 4 days on a regular
diet with free access to water. For the water-restriction analysis,
the water bottle in each metabolic cage was removed on day 5
for 24 h. No difference in urine osmolarity was observed across
the age range of 2–7 months (Supplementary Fig. S1).
2.6. Plasma and urine examinations
The osmolarities of plasma and urine samples were determined
by the freezing point depression (FPD) using the Advanced Instru-
ments Model 3300 Micro-Osmometer (Advanced Instruments,
Norwood, MA, UAS). The concentrations of urinary solutes were
examined by the Union Clinical Laboratory (Taipei, Taiwan). The
plasma vasopressin concentration was measured by an arg8-vaso-
pressin enzyme immunoassay kit (Assay Designs, Ann Arbor, MI,
USA).WT (n = 9) AC6-KO (n = 7) AC6-KOgfp (n = 6)
1.00 ± 0.05 1.05 ± 0.08 1.09 ± 0.03
1.00 ± 0.04 1.22 ± 0.13 1.02 ± 0.07
1.00 ± 0.03 0.95 ± 0.05 0.99 ± 0.03
1.00 ± 0.04 0.00 ± 0.00* 0.00 ± 0.00*
1.00 ± 0.07 1.15 ± 0.09 0.91 ± 0.06
1.00 ± 0.07 1.18 ± 0.09 0.97 ± 0.12
1.00 ± 0.07 1.21 ± 0.16 1.01 ± 0.11
1.00 ± 0.04 1.09 ± 0.07 0.91 ± 0.08
1.00 ± 0.05 0.90 ± 0.07 0.86 ± 0.06
1.00 ± 0.22 0.76 ± 0.06 0.71 ± 0.15
ked AC activities in the kidneys. AC activities evoked by forskolin of the desired
T). Western blot analyses of AC5 (C, renal plasma membrane fractions, 100 lg per
ere conducted. Results were normalized to those of actin. Values are expressed as
presentative picture of the corresponding Western blot analysis.
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MRI)
Real-timeMRI was performed on a horizontal 7.0 T Pharma Scan
70/16 spectrometer equipped with an active shielding gradient
(30 G/cm in 150 ls) operating on a Paravision (vers. 3.0.1) software
platform (Bruker, Ettlingen, Germany). Animals were anesthetized
by isoﬂurane (0.5–1.5%). The DCE-MRI experiment was performed
using a dynamic series of 150 T1-weighted spin-echo images with
imaging parameters of TR of 400 ms, TE of 10 ms, FOV of 5 cm, Slth
of 1.5 mm, NEX of 1 and matrix size of 256  64. An intravenous
bolus injection of 0.1 mmol/kg gadolinium-diethylenetriamine
penta-acetic acid (Gd-DTPA) (Magnevist, Schering AG, Germany)
was given during acquisition of the 10th image. All regions of inter-
est (ROIs) for DCE-MRI were determined on the T2-weighted image
(T2WI) which provided the detailed anatomy of the cortex and
medulla. All data were processed using a commercially available
image analysis package (MRVision, Menlo Park, CA, USA).
2.8. Statistical analysis
Results are expressed as the means ± S.E.M. of triplicate sam-
ples. Each experiment was repeated at least three times to conﬁrmFig. 3. Expression of the green ﬂuorescent protein (GFP) driven by the type VI adenylyl c
AC6-KOGFP mouse. Immunoﬂuorescence analyses of the kidneys of AC6-KOgfp andWTmic
visualized by GFP ﬂuorescence (A and B) or stained with an anti-lysozyme (LYZ, a mark
(THP, a marker of the thick ascending limb of the loop of Henle) antibody (c2, c4, d2, d
lectin; c5, c6,d5, d6). The immunostaining signals were visualized using the Alexa Fluor
identiﬁed by the green ﬂuorescence produced by the GFP. Nuclei were visualized by Hoec
of the proximal tubules, thick ascending limbs of the loops of Henle, and collecting ducts
promoter-driven GFP signals were also detected in cells of the macula densa which are TH
(c2, d2; white arrows). Scale bars, 2 mm (A and B) and 20 lm (C and D). CCD, cortic
glomerulus; IMCD, inner medullary collecting duct; OMCD, outer medullary collecting
ascending limb of the loop of Henle; TDL, thick descending limb of the loop of Henle; Tthe reproducibility of the ﬁndings. Multiple groups were analyzed
by one-way analysis of variance (ANOVA) followed by a post-hoc
Student Newman-Keuls test. A P value of <0.05 was considered
signiﬁcant.3. Results and discussion
3.1. Generation of AC6-deﬁcient mice
The murine AC6 gene contains 22 exons. We designed and
produced two different AC6-KO mouse models on the 129
background. Brieﬂy, a fragment harboring two exons (2 and 3)
and their neighboring introns (2 and part of 3) of AC6 was re-
moved using a homologous recombination approach (Fig. 1A
and C), or replaced with a reporter gene (GFP; Fig. 1B and D).
The resultant animals were designated AC6-KO and AC6-KOgfp,
respectively. AC6 expression was completely abolished in both
AC6-KO mouse lines (Fig. 1E and Table 1), and GFP expression
was clearly observed in AC6-KOgfp mice (Fig. 1F). Both hetero-
zygous and homozygous AC6 gene-targeted mice were fertile
and indistinguishable from WT mice in body size and general
appearance.yclase (AC6) promoter in tubular segments of the nephron and collecting duct of an
e. Kidney sections from AC6-KOgfp (A and C) and wildtype (WT) (B and D) mice were
er of the proximal tubule) antibody (c1, c3, d1, d3), an anti-Tamm-Horsfall protein
4), or biotin-conjugated Dolichos biﬂorus agglutinin (DBA, a collecting duct-speciﬁc
568 (red)-conjugated secondary antibody or streptavidin. GFP-expressing cells were
hst 33342 (blue). GFP-expressing cells were positively stained with speciﬁc markers
. No GFP signal was found in kidney sections of WT mice (B and D). In addition, AC6-
P negative and have distinctive features of a narrower cell shape and crowded nuclei
al collecting duct; DCT, distal convoluted tubule; DST, distal straight tubule; Glo,
duct; PCT, proximal convoluted tubule; PST, proximal straight tubule; TAL, thick
hL, thin limb of the loop of Henle.
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We next determined the effect of the AC6 deletion on renal AC
activities. As shown in Fig. 2, AC activities evoked by forskolin (a
direct stimulus of AC) or 1-desamino-8-D-arginine vasopressin
(dDAVP, an agonist of Gsa-coupled V2R) were signiﬁcantly lower
in AC6-null mice than in WT mice. AC6 thus appears to be a major
renal AC isoform. Removal of AC6 was expected to modify the renal
cAMP response upon activation by stimuli. Importantly, expression
levels of AC5, Gsa, and Gia were not altered in these two AC6-KO
mouse lines (Fig. 2C–E). Analyses using RT-qPCR revealed no signif-
icant change in the transcript levels of several major renal AC iso-
zymes (AC3, AC4, and AC5) in AC6-null mice (Table 1). No major
compensatory response in AC isozymes was detected.
3.3. Expression of the AC6-driven GFP reporter along the renal tubule
and collecting duct
To explore the speciﬁc role of AC6 in the kidneys, we assessed
the expression of AC6 in the kidneys of AC6-KOgfp mice, in which
the GFP reporter gene was inserted into the AC6 gene and was ex-
pressed under the control of the AC6 promoter. The expression of
GFP in AC6-KOgfp mice should therefore faithfully reﬂect the
expression of AC6. As demonstrated in Fig. 3A, GFP was abundant
in cells with characteristics of renal tubules and collecting ducts
(Fig. 3A and B). Immunohistochemical analyses demonstrated that
GFP-expressing cells existed in LYZ-positive proximal tubules,
THP-positive distal tubules, and DBA-positive collecting ducts of
the kidneys (Fig. 3C). As judged from structural features and loca-
tion in the kidney, GFP-expressing tubules included the proximal
and distal convoluted tubules and the cortical collecting ducts in
the renal cortex, as well as the proximal and distal thick tubules,
the thin limbs of Henle’s loops, and the outer medullary and inner
medullary collecting duct in the renal medulla (Fig. 3A and C). Of
these, the highest expression of AC6-driven GFP was found in the
distal tubule (THP-positive tubule) and collecting duct (DBA-posi-
tive tubule) (Fig. 3C). Moreover, GFP signals were also observed inFig. 4. Type VI adenylyl cyclase (AC6)-null mice drank more and urinated more than wild
period of 4 days under normal conditions and another day under water deprivation. The d
day 5 (water deprivation) were determined at the end of 24 h. *P < 0.05 and **P < 0.001cells of the macula densa located at the end of the thick ascending
limb of Henle’s loop and adjacent to the glomerular hilus and jux-
taglomerular (JG) cells (Fig. 3c2 and d2). No GFP signal was de-
tected in the kidneys of WT mice (Fig. 3B and D). Our ﬁndings
are consistent with earlier studies which demonstrated that AC6
transcripts exist in the tubular segments of the nephron and the
collecting duct [3,17], and suggest an important role of AC6 in ur-
ine production.
Previous studies reported that in neurons, AC6 exists in the
plasma membrane and cytoplasmic region where intracellular ves-
icles are located [9]. In line with the above ﬁndings, we found that
AC6 was also located in the plasma membrane and cytoplasmic
region of renal tubule cells (Supplementary Fig. S2). Double immu-
nohistochemical staining using an anti-AC6 antibody and an anti-
acetylated a-tubulin (a marker of primary cilia) antibody revealed
that AC6 was located not only in the principal part of renal tubular
cells but also in the primary cilia (Supplementary Fig. S2). This
observation is consistent with an earlier report which showed that
AC6 exists in the primary cilia of cholangiocytes in intrahepatic
bile ducts [18]. As primary cilia function as mechano-, osmo-,
and/or chemosensory organelles that initiate intracellular signal-
ing cascades upon activation [18], the existence of AC6 in cilia sup-
ports our hypothesis that AC6 actively contributes to the function
of renal tubules and collecting duct.
3.4. Disruption of AC6 affects water reabsorption by the kidneys
To estimate whether AC6 participates in urine production, AC6-
null mice and their control littermates were subjected to metabolic
cage studies. Food ingestion, water intake, and urine discharge
were determined daily under normal and water-deprivation condi-
tions. When compared to WT mice, AC6-null mice drank more and
urinated greater quantities (Fig. 4A, B, D and E). Consistently, urine
osmolarity and concentrations of urinary solutes including Na+, K+,
Cl, urea nitrogen, and creatinine were markedly lower in the two
AC6-null mice than in WT mice (Fig. 4C and F, Table 2). Note that
creatinine is a metabolic waste product generally not affected bytype (WT) mice. Mice were individually housed in metabolic cages for a consecutive
aily food intake, water intake, and urine output on day 4 (normal conditions) and on
vs. WT mice.
Table 2
Metabolic cage.
Parameter WT (n = 9) AC6-KO (n = 8) AC6-KOgfp (n = 7)
Normal condition
Food intake (g/day) 1.09 ± 0.05 1.26 ± 0.18 1.20 ± 0.11
Water intake (ml/day) 2.19 ± 0.07 3.32 ± 0.39* 2.70 ± 0.22*
Urine excretion (ml/day) 0.40 ± 0.06 1.25 ± 0.15** 0.94 ± 0.12**
Urine osmolarity (mOsm/l) 3720.6 ± 168.1 1612.0 ± 62.1** 2188.3 ± 163.4**
Urinary Na+ (meq/l) 306.0 ± 13.2 125.5 ± 14.4** 136.4 ± 17.8**
Urinary K+ (meq/l) 568.2 ± 27.2 264.4 ± 14.0** 350.6 ± 30.5**
Urinary Cl (meq/l) 412.1 ± 16.0 171.9 ± 12.0** 230.0 ± 21.9**
Urea nitrogen (mg/dl) 2567.2 ± 377.1 1459.1 ± 27.1* 811.3 ± 14.8**
Creatinine (mg/dl) 111.7 ± 6.9 49.6 ± 3.7** 73.9 ± 5.2**
Water deprivation
Food intake (g/day) 0.92 ± 0.04 0.85 ± 0.07 0.89 ± 0.03
Urine excretion (ml/day) 0.27 ± 0.05 0.47 ± 0.08* 0.43 ± 0.07*
Urine osmolarity (mOsm/l) 5843.7 ± 435.3 3525.9 ± 308.9** 3406.6 ± 229.2**
Urinary Na+ (meq/l) 650.8 ± 38.9 340.0 ± 18.9** 344.3 ± 21.4**
Urinary K+ (meq/l) 892.1 ± 68.6 553.5 ± 43.8** 566.1 ± 37.2**
Urinary Cl (meq/l) 824.4 ± 64.7 419.3 ± 29.6** 437.1 ± 25.2**
Urea nitrogen (mg/dl) 3029.4 ± 246.5 2276.8 ± 46.0* 1564.8 ± 20.7**
Creatinine (mg/dl) 170.3 ± 15.1 107.1 ± 10.3** 109.6 ± 8.5*
Results are expressed as the means ± S.E.M. *P < 0.05 and **P < 0.001 vs. WT mice.
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daily excretions of urinary solutes (i.e., concentration  urine vol-
ume) between WT and AC6-null mice (data not shown). The lower
urine osmolarity and lower concentrations of urinary electrolytes
and metabolic wastes in AC6-null mice therefore might reﬂect a
deﬁcient ability of AC6-null mice to retain water. When the water
supply was restricted, the urine discharged from the two AC6-null
mouse lines remained greater than that from WT mice (Table 2).
No differences in the plasma vasopressin concentration (134 ± 20
and 131 ± 5 pg/ml; P = 0.910), plasma osmolarity (382 ± 18 and
360 ± 5 mOsm/l; P = 0.274), or blood pressure (117 ± 2 and
117 ± 3 mmHg; P = 0.546) between WT and AC6-null mice were
found. Expressions of the two vasopressin receptors (V1a and V2)
and four major renal water channels (AQP-1, -2, -3, and -4) in
the kidneys of AC6-null mice (AC6-KO and AC6-KOGFP) were simi-
lar to those of WT mice (Table 2), suggesting that the defective
ability of water reabsorption in AC6-null mice did not result from
aberrant gene expressions of these receptors or water channels.
These results are consistent with an earlier study showing that
mice with a Gsa deletion in the renal medulla had reduced urineFig. 5. Type VI adenylyl cyclase (AC6) is required for appropriate translocation of
Immunoﬂuorescence analyses of the subcellular localization of AQP-2 in the kidneys of w
H) mice were stained with anti-AQP-2 antibody (B and F) and biotin-conjugated Dolichos
cells were identiﬁed by the green ﬂuorescence produced by the GFP protein. Nuclei weosmolarity [19]. The Gsa-AC6 pathway therefore is critical for
maintaining water homeostasis. As translocation of AQP-2 is criti-
cal for the V2R/cAMP-mediated regulation of water absorption
[13,20,21], we performed immunohistochemical staining to ana-
lyze localization of AQP-2. As shown in Fig. 5, a substantial differ-
ence was observed between WT and AC6-null mice in the
subcellular localization of AQP-2. In WT mice, most AQP-2 protein
was located on the apical plasma membrane, and some was dis-
persed in the cytoplasmic region, where intracellular vesicles re-
side, of collecting duct cells (Fig. 5B). In AC6-null mice, however,
AQP-2 proteins were largely found in the cytoplasm and showed
a punctate staining pattern (Fig. 5F). The absence of AC6 thus
apparently interfered with the translocation of AQP-2, which might
subsequently jeopardize water reabsorption in AC6-null mice. This
observation also suggests that AC6 is required for the appropriate
subcellular distribution of AQP-2 in renal collecting ducts and the
ﬁne-tuning of the water homeostasis of the body.
Renal functions of the kidneys of WT and AC6-null mice (AC6-
KOgfp) were also determined using the DCE-MRI technique. As
shown in Fig. 6A, the relative intensities of the injected contrastaquaporin-2 (AQP-2) to the apical plasma membrane of collecting duct cells.
ildtype (WT) and AC6-KOgfp mice. Kidney sections fromWT (A–D) and AC6-KOgfp (E–
biﬂorus agglutinin (DBA, a collecting duct-speciﬁc lectin) (C and G). GFP-expressing
re visualized by Hoechst 33342 (blue). Scale bar, 20 lm.
Fig. 6. Renal function of type VI adenylyl cyclase (AC6)-null mice assessed by the DCE-MRI technique. Wildtype (WT) and AC6-KOgfp mice (male, n = 6) were anesthetized and
subjected to an intravenous injection of gadopentetic acid (Gd-DTPA; 0.1 mmol/kg). For real-time monitoring of the ﬂuid ﬁltration by the kidneys, the evolution of the Gd-
DTPA intensity in renal cortices and medullae of the indicated mice were measured right before and after the injection using the DCE-MRI technique.
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similar, suggesting that the glomerular ﬁltration rate of AC6-null
mice was largely normal [22]. Interestingly, the relative Gd-DTPA
signals in the renal medulla of AC6-null mice were lower than
those of WT mice (Fig. 6B). It is possible that the concentration
of Gd-DTPA diminished faster in the collecting ducts of AC6-null
mice than in WT mice because more water was being excreted.
Using the two novel AC6-null mice, we demonstrate for the ﬁrst
time that a calcium-inhibitable adenylyl cyclase (AC6) plays a crit-
ical role in regulating the water homeostasis process of the kid-
neys. In the resting stage, no apparent abnormality related to
volume homeostasis was found in AC6-null mice except for an
abnormal subcellular localization of AQP-2. Drinking excess water
might be sufﬁcient to overcome the above defect and maintain a
relatively normal body ﬂuid homeostasis. Future studies are neces-
sary to elucidate the molecular basis for the involvement of AC6 in
water retention by the kidney.
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